Introduction
Auditory attention has been examined extensively over the years, primarily by means of event-related brain potentials (ERPs). Sustained attention to specific targets embedded in a series of non-targets (e.g. the 'oddball' paradigm) causes an increase in the amplitudes of various components of the auditory ERP after about 80 ms and results in the appearance of new waveforms, such as the N2B and the P3. 1, 2 Selective attention, or attention to one set of items while ignoring others, also affects the auditory ERP. [3] [4] [5] Most of the experiments examining auditory attention have used simple stimuli, such as clicks or tones, but attention effects have also been found with speech stimuli 6 and voices. 7 It has been difficult to identify the sources for these attentional ERPs. 8, 9 The frontal lobes have been implicated due to the frontocentral topography of some attentional components, 3 and the fact that the early attention-related negativity in the ERP is reduced by lesions in the frontal lobes. 10 Other experiments have suggested that auditory association cortex, 11, 12 medial temporal cortex 13 and parietal cortex 14 are also involved in the modulation of auditory potentials by attention. There is other evidence to suggest that these attention effects are more likely to occur in auditory association cortex than in primary cortex. For example, early peaks in the auditory ERP that are not affected by attention show changes in scalp distribution depending on the pitch of the presented tones, i.e. a tonotopic change, whereas the peaks elicited by attention show no changes related to pitch, suggesting recruitment of non-tonotopic (association) auditory cortex. 15 In addition, a greater proportion of cells in auditory association cortex of the monkey have been shown to increase firing rates to an attended auditory stimulus, compared to a non-attended stimulus, than was seen in primary auditory cortex. 16 Auditory attention has remained relatively unexplored with the more recent neuroimaging techniques. While visual attention has been addressed to some extent in the neuroimaging literature, 17 only one early study examined auditory attention. 18 In addition, in this experiment auditory attention was examined only in the context of intermodal attention, i.e. switching attention between auditory, visual and somatosensory modalities. Activity in auditory WE investigated the effects of auditory attention on brain activity using functional magnetic resonance imaging. Subjects listened to three word lists, three times each, and were instructed to count the number of times they heard a target word during two of these presentations. For the third, they listened to the words without counting. All subjects showed significant areas of activation in auditory cortex during the listening conditions compared to rest. There was significantly more activation and a larger area of activation, particularly in association cortex, in the left temporal lobe during counting of targets compared to the no-target conditions, with a similar trend in the right hemisphere. These results provide evidence of an attention-related enhancement of both activation magnitude and extent in auditory cortex.
cortex increased when attention was directed to this modality and decreased otherwise. Both the ERP data and the limited amount of imaging data suggest that attention to specific auditory stimuli should increase activity in auditory cortex, including association areas, compared with the activity seen when attention is not directed to these same stimuli. In order to test this, we carried out an experiment of attention to target words using functional magnetic resonance imaging (fMRI).
Materials and Methods
Participants in the study were seven healthy righthanded subjects (five female, two male; mean age 23.9 ± 6 years). Data were also obtained from the left hemisphere of a left-handed male subject (age 35 years) and will be presented, although they were not included in the group analysis.
Functional MRI scans were carried out using a GE Signa 1.5 T scanner using an echo-planar sequence (TE = 40 ms, TR = 3000 ms). Two subjects were scanned using a 5 inch surface coil placed over the left hemisphere. Five 7 mm thick slices with a 20 cm FOV (64 ϫ 64 matrix) were collected on these subjects in the sagittal orientation covering the left hemisphere. Five subjects were scanned using a full head coil; for these subjects, 6-12 5 mm slices with a 25 cm FOV (64 ϫ 64 matrix) were collected in the axial orientation covering the middle portion of the brain. A structural scan was collected on all subjects using an SPGR sequence. This structural scan covered the same volume as the EPI scans with the same FOV but used a 256 ϫ 256 matrix and a 3 mm slice thickness (3.5 mm for those subjects scanned with the surface coil).
All subjects performed nine functional task sequences. Each sequence was 3 min long and consisted of six alternating 30 s blocks, with three blocks of auditorily presented words (28 words per block) and three blocks of rest, during which no stimuli were presented. There were three lists of words, equivalent in terms of average word frequency, 19 and each was presented three times. The words were two and three syllable words, spoken by 10 different speakers (four males and six females) and recorded using a Macintosh computer, which also was used to present the stimuli during the scans. For two presentations of each word list, subjects were instructed to count the number of times they heard a specific target word in each word block, and the third time the subject heard the list he/she was instructed to listen to the words but no target was specified. The target words were different for the two target runs of each list, and occurred 0-5 times within each block of words. During the target runs, subjects responded after each block of words, so that there were no responses during the periods of auditory stimulation. The stimuli were presented via airconduction headphones to the right ear in those subjects studied with the surface coil and binaurally to the remaining subjects. The loudness of the stimuli was adjusted to a comfortable level for each subject prior to the first task and remained at that level throughout the experiment (approximate range of sound intensity level was 80-90 dB SPL). The order of list presentation, as well as whether the run was a target or no-target run, was randomized across subjects. The average performance accuracy across all subjects was 94% (range 86-100%).
The first step of the data analysis was the identification of brain areas with increased signal during auditory processing, and was performed on each scanning sequence for each subject separately. Prior to data analysis all functional images in each scanning sequence were registered to the first image of the sequence. 20 Images were then normalized (to the average over all slices) and an ANOVA carried out comparing the three word blocks with the three rest blocks for each sequence. The first two data points in each stimulus and rest block were omitted from the analysis to remove the transitional points where the signal would be either increasing or decreasing. The resulting F maps of those voxels with significantly increased signal (p < 0.01) were converted to Z maps and an algorithm based on the method derived by Friston et al. 21 was used to determine the size of each activated 'cluster', or region of contiguously activated voxels, and the probability of each region, based on its spatial extent. In this way, it was determined that the only area of cortex that was significantly (p < 0.05) and consistently activated, in either the attention or non-attention conditions, was a region in the supratemporal plane that included primary and secondary auditory cortex. This activation was seen bilaterally in those subjects with axial measurements. The second step of the analysis was to compare the mean percent change in signal in temporal cortex and the size of this activation (i.e. number of activated voxels as determined by the cluster analysis) across subjects in the target and notarget conditions. The hemispheres were examined separately since two subjects had data only from the left hemisphere; thus the number of subjects in the comparisons was seven for the left hemisphere and five for the right hemisphere. The mean percentage difference between stimulation and rest and the size (number of voxels) of each activated area in each sequence for each subject was entered into separate repeated measures ANOVAs, with the three word lists and three conditions (two target conditions and one no-target condition per list) being the repeated C
measures. Since there was no significant effect of order of presentation (i.e. first time, second time, or third time subjects heard a list), or word-list on these measures, the total number of voxels and mean percent change were calculated across lists, resulting in three task conditions, target 1, target 2 and no target. The results of a repeated measures ANOVA on these data are presented here.
Results
All subjects had a significant increase in signal during all word conditions, compared with rest, in the region of left hemisphere primary auditory cortex and surrounding areas. Two subjects failed to show a right hemisphere area of activation in one of the notarget runs. An example of the time course of activity seen in left temporal cortex during one of the target runs is shown in Fig. 1 . Figure 2 shows examples of activation from three subjects during one target run and its corresponding no-target run. It is clear from this figure that the area of activation includes, but is not limited to primary auditory cortex, particularly during the target runs. In subject 3 the activation extended to temporal cortex inferior to Heschl's gyrus during the target runs, and in subject 2 the activation was even more widespread and included areas of temporal cortex superior and posterior to Heschl's gyrus. Subject 1 appeared to have activation mainly in temporal regions inferior to primary auditory cortex in both attention and non-attention conditions. Although we cannot assign coordinates to these areas of association cortex that are activated during the attention condition, such as those from the atlas commonly used with positron emission tomographic images, 22 these areas are likely to be in auditory association cortex in the superior temporal gyrus (e.g. Brodmann area 42 or 22).
The individual data for the seven subjects is shown in Table 1 , in which it can be seen that six of the seven subjects showed more activated voxels and larger activation values in one or both target runs than in the no-target run in both hemispheres, the exception being subject 6. When all subjects were included in the analysis, there was a significant effect of condition on area of activation in the left hemisphere (F = 5.1, p < 0.025) and a trend in the right hemisphere (F = 2.2, p = 0.17). Excluding subject 6 resulted in a more significant effect in the left hemisphere (F = 10.6, p < 0.01) and no change in the right hemisphere. Post-hoc mean comparisons showed that in the left hemisphere, both target runs had a larger area of activation than the no-target run (Table 1) .
When all subjects were included in the analysis of activation magnitude (expressed as percentage increase, Table 1 ) there was a nonsignificant trend in both hemispheres for more activation in the target conditions (left hemisphere: F = 2.8, p = 0.10; right hemisphere: F = 3.0, p = 0.11). However, when subject 6 was excluded from the analysis, the effect of condition was significant in the left hemisphere (F = 17.9, p < 0.005), but not in the right hemisphere. Post-hoc mean comparisons showed that both target Auditory activation and attention Areas of increased signal during listening to words in three subjects, superimposed on their structural MRIs. Functional images were registered to structural images using the AIR software package 20 and then the F maps were resliced using the obtained transformation parameters. The images are in the radiological convention, i.e. the left side of the brain is on the right side of the image. Images in the left hand panel are from a target run and those in the right hand panel are from a corresponding no-target run. For each of the three subjects (identified by numbers), the images in both panels, from left to right, represent slices below, at, and above the level of Heschl's gyrus, respectively. Each colored voxel shows a significant increase in signal at p < 0.01, and is part of a significantly large cluster of activation (p < 0.01). The subjects in this figure correspond to the first three subjects in Table 1 . Target 1  Target 2  No Target  Target 1  Target 2  No Target   Total number of activated voxels  1  194  249  153  192  186  140  2  198  247  108  69  88  49  3  254  344  134  201  376  136  4  122  91  98  5  149  112  66  118  75  41  6  101  105  161  160  278  251  7  191  216 runs had greater activation than the no-target run in the left hemisphere ( Table 1) . The left-handed subject (subject 8, Table 1 ) showed considerably more voxels activated during the target compared to the no-target runs in left auditory cortex, but had a greater increase in signal in the no-target runs.
Discussion
The results of this experiment show that auditory attention to specific words leads to more activity in temporal cortex. Although there was some variability across subjects in the areas of temporal cortex that were activated (as can be seen in Fig. 2 ), during the non-attention conditions activation was found mostly in primary auditory cortex, i.e. Heschl's gyrus. During those runs when subjects were required to attend to specific targets, the area of activation increased to include more association cortex in the temporal lobes. Similar areas of temporal cortex have been found to be activated during language processing and retrieval from semantic memory in studies using positron emission tomography (see Ref.
23 for a review). Previous fMRI studies have shown activations in primary and secondary auditory cortex during passive listening to words 24 and during target phoneme detection during listening to consonant-vowel syllables, compared with rest. 25 In the phoneme experiment, increasing the rate of presentation of the stimuli, i.e. increasing the processing load, was found to increase the magnitude of activation in auditory cortex, including association areas, although the effect of increased load on activation extent was not examined. The increased activity of association cortex during the attention conditions that we observed could have been due to more elaborate processing of the words during the attentional condition (increased processing load), which would probably include retrieval of word meanings from semantic memory. It is unlikely that the increased activity was due to counting the stimuli per se or to the matching of each incoming stimulus to the stored representation of the target since both of these events would have occurred infrequently during the target blocks of trials. In addition, the greater activation of auditory association areas during attention is consistent with the idea that these areas are more sensitive to attention-related effects than primary auditory cortex. However, the increased activity also could be due in part to short-term memory effects, since subjects had to keep in mind the number of targets heard in each block until the end of the block when the response was made.
The magnitude of the activation in temporal cortex also was increased during attention. Since the activated area during attention included areas other than those activated during the no-target conditions, it is possible that some of the increased activation was due to the inclusion of activated areas in association cortex as well as to an increase in primary cortex per se. The effect of attention on both the magnitude and extent of activation was probably bilateral, despite the use of words as stimuli. Although the effect of condition in the right hemisphere was not statistically significant, the differences between target and no-target runs were quite similar to those seen in the left hemisphere. The lack of significance was probably due to a smaller number of subjects with right hemisphere measurements and not to any laterality of the attentional effect. This conclusion is supported by the bilateral activations observed in other fMRI experiments of auditory processing (see above).
There was no consistent activity in any other parts of the brain in our subjects during this attentional task. One subject showed activation in frontal cortex, but this was not seen consistently across all attention conditions. However, other brain areas implicated in generating auditory attention effects, such as the frontal lobes or medial temporal cortex, were not sampled adequately, even in those subjects in whom both hemispheres were measured. This experiment is therefore unable to shed any light on the role of these other areas in auditory attention.
Conclusions
We have observed an attention-related modulation of activity in temporal cortex that mainly involves cortex outside the primary auditory region. This finding is consistent with previous suggestions that attention effects occur more prominently in association cortex than in primary auditory cortex. Although the time course of this hemodynamic effect is different from that of ERPs, the increased activation and recruitment of a larger area of cortex during attentional processing supports the notion that auditory association cortex participates in the modulation of auditory ERPs by attention.
